Ultrafiltration (UF) is increasingly being recognized as a potentially effective procedure for concentrating and recovering microbes from large volumes of water and treated wastewater. Because of their very small pore sizes, UF membranes are capable of simultaneously concentrating viruses, bacteria, and parasites based on size exclusion. In this study, a UF-based water sampling procedure was used to simultaneously recover representatives of these three microbial classes seeded into 100-liter samples of tap water collected from eight cities covering six hydrologic areas of the United States. The UF-based procedure included hollow-fiber UF as the primary step for concentrating microbes and then used membrane filtration for bacterial culture assays, immunomagnetic separation for parasite recovery and quantification, and centrifugal UF for secondary concentration of viruses. Water samples were tested for nine water quality parameters to investigate whether water quality data correlated with measured recovery efficiencies and molecular detection levels. Average total method recovery efficiencies were 71, 97, 120, 110, and 91% for �X174 bacteriophage, MS2 bacteriophage, Enterococcus faecalis, Clostridium perfringens spores, and Cryptosporidium parvum oocysts, respectively. Realtime PCR and reverse transcription-PCR (RT-PCR) for seeded microbes and controls indicated that tap water quality could affect the analytical performance of molecular amplification assays, although no specific water quality parameter was found to correlate with reduced PCR or RT-PCR performance.
Ultrafiltration (UF) is a technique that has been used in various approaches since the 1970s for concentrating microbes, especially viruses, in water (4) . Because UF membranes have pore sizes small enough to remove molecules having molecular masses on the order of 10,000 to 100,000 Da, these filter mem branes are also capable of simultaneously concentrating di verse waterborne microbes, including viruses, bacteria, and parasites. The capability of hollow-fiber UF for simultaneous recovery of diverse microbes raises the potential for employing hollow-fiber UF techniques for time-efficient and cost-effective monitoring of water quality with regard to a wide range of microbes.
Morales-Morales et al. (15) reported using hollow-fiber UF for simultaneously recovering Escherichia coli, Cryptosporidium parvum oocysts, T1 bacteriophage, and PP7 bacteriophage from 10-liter surface water samples. Their UF procedure used a reusable UF cartridge, calf serum pretreatment of the UF, and UF elution using a surfactant solution. Hill et al. (12) reported a UF procedure using reusable commercial dialysis filters, filter backflushing using a surfactant solution, and a chemical dispersant (sodium polyphosphate) to reduce poten tial microbial adsorption to the UF fibers. The research of Morales-Morales et al. (15) and Hill et al. (12) demonstrated that hollow-fiber UF could be effective for simultaneously re covering viruses, bacteria, and parasites from water, but the UF conditions used by these research groups were different and the techniques were investigated using relatively small volumes of water (10 liters) . In the present study, we report a new UF-based protocol that incorporates elements of the pro cedures reported by Morales-Morales et al. (15) and Hill et al. (12) for large-volume (100-liter) water samples.
When developing a microbial concentration technique for large-volume water sampling, it is important to demonstrate that commonly used analytical techniques can be used effec tively to assay the final concentrates produced by the method. It has been shown in previous studies that the performance effectiveness of immunological techniques (e.g., immunomag netic separation-immunofluorescent-antibody staining [IMS IFA staining]) (14, 24) and molecular assays (e.g., PCR and reverse transcription-PCR [RT-PCR]) (1, 11) can be nega tively affected by various water quality conditions (e.g., pH, iron content, or organic compounds), although relatively few studies of analytical method inhibition have focused on drink ing water. Because detection of Cryptosporidium and Giardia is important for water quality monitoring, understanding the ef fects of water quality on available IMS techniques for these microbes, such as those incorporated into USEPA Method 1623 (22) , is critical. Because assay inhibition is an issue in using molecular amplification techniques for water testing, it is important to evaluate the magnitude of potential inhibition, using controls such as internal standards or external control procedures (11, 18) .
The water sample processing protocol described by the VOL. 73, 2007 UF PROCEDURE FOR WATERBORNE MICROBE RECOVERY 4219 present study was investigated to evaluate the following issues: (i) the effectiveness of a hollow-fiber UF procedure for recov ering viruses, bacteria, and parasites in 100-liter tap water samples; (ii) the effectiveness of secondary sample processing techniques performed in conjunction with primary UF concen tration; (iii) the effect of tap water quality on total method performance; and (iv) the effect of tap water quality on mi crobe detection using real-time PCR and RT-PCR. To inves tigate these issues, a suite of enteric microbes was used to encompass diverse microbial characteristics. This suite in cluded the �X174 and MS2 bacteriophages, Enterococcus faecalis, Clostridium perfringens spores, C. parvum oocysts, and Giardia intestinalis cysts. �X174 and MS2 are well-character ized surrogates for pathogenic human enteric viruses and have different surface charge properties that may help in evaluating the performance of water sampling methods (19) . E. faecalis is an established microbial water quality parameter that has pre viously been studied for recovery by UF methods (12) . C. perfringens has also been studied as a microbial water quality parameter because its spores are resistant to environmental degradation. C. parvum and G. intestinalis are important human pathogenic parasites of concern for drinking water quality.
MATERIALS AND METHODS
Water samples. Tap water samples were obtained from eight cities in the United States located in six different U.S. Geological Survey (USGS) hydrologic regions. One-hundred-liter samples were collected from the laboratories or of fices of collaborating facilities in 10-and 20-liter Cubitainer containers. Sodium thiosulfate was added to each container to achieve a final concentration of 40 mg/ml. The containers comprising each 100-liter sample were shipped to the CDC by priority overnight shipping in coolers. Although it was not feasible to chill these large-volume water samples during shipment, the sample containers were stored in open coolers at 4°C upon receipt by the CDC. No more than 2 to 3 days elapsed between sample receipt and use in an experiment. The night before an experiment, each sample Cubitainer was stored at room temperature to allow the water samples to warm slowly. Using this procedure, the average water temperature for experiments was 18 � 4°C. For each experiment, tap water from Cubitainer containers was poured into a sterile 30-gallon high-density polyethylene tank that had been calibrated to 100 liters, using 10-liter gradations.
Water quality testing. All water samples were characterized on the day of an experiment, using the following water quality parameters: pH, turbidity, specific conductance (SC), alkalinity, total iron, total organic carbon (TOC), dissolved organic carbon (DOC), UV absorbance (at 254 nm), and heterotrophic bacterial plate count (HPC). Water quality measurements for the 100-liter tap water samples were performed immediately prior to UF. Water quality measurements for the UF concentrates were generally performed immediately following UF. Sample pH was measured with a Fisher Scientific Accumet Research AR25 pH/mV/°C/ISE meter. Turbidity was measured using a Hach model 2100N lab oratory turbidimeter (Hach Company). SC and temperature were measured with an Oakton CON 100 conductivity/°C meter. Alkalinity was determined using a Hach alkalinity test kit (AL-DT digital titrator). Total iron was measured using the Hach FerroVer iron (total) reagent and a Hach DR/2400 portable spectro photometer. TOC and DOC were both measured using a Hach low-range TOC reagent set and a Hach DR/2400 portable spectrophotometer. To process a sample for DOC determination, an Ahlstrom 0.7-�m prebaked borosilicate mi crofiber disc filter (Environmental Express) was conditioned by filtering 300 ml deionized (DI) water. Sixty milliliters of the sample was then passed through the filter, and the last 10 ml was retained for analysis. UV absorbance at 254 nm was measured with a Genesys 2 spectrophotometer (Thermo Electron Corporation). HPC was enumerated by membrane filtration using R2A agar according to the protocol in Standard Methods for the Examination of Water and Wastewater (7) .
Microorganisms and microbial assays. A suite of the following five microbes was used in this study: �X174 bacteriophage, MS2 bacteriophage, E. faecalis, Clostridium perfringens spores, and C. parvum oocysts. In addition, EasySeed (BTF Pty. Ltd., Australia) was used to seed UF concentrates with Giardia intestinalis cysts to evaluate the effectiveness of IMS for this microbe under controlled conditions. MS2 (ATCC 15597-B1) and �X174 (ATCC 13706-B1) stocks were produced using tryptic soy broth and respective antibiotics and host bacteria as described by the American Type Culture Collection (ATCC; Manassas, VA). Frozen MS2 stocks (1.5 � 10 6 PFU/ml) and �X174 stocks (1.2 � 10 9 PFU/ml) were diluted using 10-fold dilutions and vigorous vortex mixing in a diluent containing 0.01 M phosphate-buffered saline (PBS; Dulbecco's modification, pH 7.40), 0.01% (wt/ vol) Tween 80 (Fisher), and 0.001% (wt/vol) Y-30 antifoam emulsion (Sigma) in order to disperse viral particles. MS2 and �X174 were seeded into the 100-liter water samples at concentrations of 72,000 � 24,000 and 92,000 � 31,000 PFU, respectively (measured seed concentrations for 19 experiments). MS2 and �X174 were enumerated by plaque assay per USEPA Method 1602 (21) . Frozen stocks of E. faecalis (ATCC 19433) , produced per ATCC guidance and having a concentration of 8.3 � 10 8 CFU/ml, were diluted as described for the viruses and seeded into 100-liter samples at a concentration of 8,400 � 740 CFU. E. faecalis was assayed by membrane filtration according to the protocol in Standard Meth ods for the Examination of Water and Wastewater (7) . C. perfringens spores were purchased as "BioBalls" from BTF Pty. Ltd. (Australia). One 10,000-CFU BioBall was added to each 100-liter water sample. BioBalls were prepared for use in experiments according to the manufacturer's guidelines, including vigorous shak ing (600 oscillations/min) in 10 ml of sample water containing 0.001% Y-30 antifoam emulsion for 30 min, using a Pall laboratory shaker. C. perfringens spores were enumerated by membrane filtration using mCP agar (6) . C. parvum oocysts were obtained from the laboratory of Michael Arrowood (CDC) and from Waterborne, Inc. (New Orleans, LA). Oocysts produced by the CDC were processed according to the method of Arrowood and Donaldson (3) and were used for experiments with tap water from sites 1 to 5. Oocyst stocks (6.7 � 10 7 [CDC] and 1.2 � 10 8 oocysts/ml [Waterborne]) were less than 4 months old when used for experiments and did not contain appreciable oocyst aggregates. C. parvum oocyst stocks were diluted in PBS-Tween 80 diluent and seeded into 100-liter water samples at an average concentration of 590,000 � 84,000 oocysts. This seeding level was chosen to enable direct assay of UF concentrates by IFA microscopy for Cryptosporidium without the need for additional concentration (e.g., using centrifugation) or IMS.
The same microbial stock dilutions used to seed a 100-liter sample were also used to seed a 1-liter control sample of experimental tap water, which was used to quantify the microbial seeding concentrations for each experiment. The con trol sample was kept at room temperature during the UF experiment and was assayed when UF concentrates, secondary concentrates, and IMS samples were assayed.
UF setup. The filtration unit configuration is shown in Fig. 1 Hollow-fiber UF blocking. UFs were blocked by recirculating 500 ml of filtersterilized 5% calf serum (e.g., Invitrogen no. 16170-078) through the UFs for 5 min with the filtrate port closed. The calf serum was then allowed to contact the UF fibers overnight at ambient temperature on a rotisserie in a hybridization oven. Prior to use in an experiment, the calf serum was flushed from the UF by using 1 liter of DI water.
Hollow-fiber UF procedure. Prior to beginning the UF procedure, 0.01% (wt/vol) sodium polyphosphate (NaPP; Sigma-Aldrich) was added to the 100 liter water sample and mixed for 30 s using a Stir-Pak laboratory mixer (ColeParmer) (Fig. 2) . The peristaltic pump was set to pump water at 2,900 ml/min. Generally, the system was operated at 13 � 2 lb/in 2 (90 � 14 kPa) to achieve a filtrate rate of approximately 1,200 ml/min (and corresponding cross-flow rate within the hollow-fiber UF of 1,700 ml/min). Filtration was performed until �200 ml of concentrated sample remained in the loop shown in Fig. 1 (i.e., the hold-up volume of the tubing, UF, and remaining volume in the 1-liter bottle). At this point, the effluent tubing from the 1-liter bottle was disconnected from the bottle, and the peristaltic pump was used to force as much of the retentate as possible into the 1-liter bottle. The 1-liter bottle was then set aside, and a bottle contain ing 500 ml of a surfactant solution (0.01% Tween 80, 0.01% NaPP, 0.001% Y-30 antifoam emulsion) was connected in its place. This eluent was recirculated through the UF (with an open filtrate port and no screw clamp for backpressure) until the system started to draw air. The inlet tubing was immediately pulled from the eluent bottle to flush the remaining eluent from the system. The total volume of eluent (150 to 200 ml) was collected and added to the retentate sample to produce the final "UF concentrate." The average UF concentrate volume achieved using this protocol was 420 � 50 ml.
Secondary sample processing procedures. Two 30-kDa Centricon Plus-70 units (Millipore, Billerica, MA) were used according to the manufacturer's in structions to concentrate 110 to 140 ml of the UF concentrate for each experi ment, depending on the sample volume available (Fig. 2) . The average final Centricon concentrate volume achieved was 2.1 � 1.2 ml. The concentrates were assayed for culturable bacteriophages as well as for MS2 and an inhibitor control by real-time RT-PCR. Another 100-to 140-ml aliquot of the UF concentrate was filtered through a 47-mm, 0.2-�m Supor membrane filter (Pall, Ann Arbor, MI) to capture C. perfringens and C. parvum for subsequent detection by real-time PCR.
IMS was performed for Cryptosporidium and Giardia to investigate potential water quality effects on this procedure. Five milliliters of UF concentrate was processed directly by IMS (i.e., no centrifugation), using an Aureon Crypto kit (Aureon Biosystems, Austria) and an Aureon Giardia kit to determine C. parvum recoveries and the potential background presence of Giardia in the samples. IMS-processed samples were examined by the IFA procedure, using an EasyStain kit (BTF, Australia). One vial of EasySeed (BTF, Australia), containing 100 G. intestinalis cysts, was added to a second (4-ml) aliquot of UF concentrate as a controlled side experiment to evaluate water quality effects on IMS perfor mance for Giardia recovery.
Nucleic acid extraction. Real-time PCR was performed on UF concentrates by filtering �120 ml (representing roughly 30% of the volume of each UF concen trate) through a 0.2-�m membrane filter and performing a bead-beating proce dure, using a one-quarter section from the filter. Real-time RT-PCR was per formed on Centricon concentrates for MS2 and a hepatitis A virus (HAV) inhibitor control. Nucleic acid extraction from membrane filters and Centricon concentrates was performed using a modification of a previously reported non commercial lysis buffer (2) . To make this lysis buffer, 120 g of guanidine thio cyanate (Boehringer Mannheim, Indianapolis, IN) was added to 100 ml of TE buffer (5 mM Tris, pH 8.0, 0.5 mM EDTA, pH 8.0) prepared with nuclease-free water (Ambion, Austin, TX). After the guanidine thiocyanate was dissolved, 0.5 g sodium pyrophosphate (Alfa Aesar, Ward Hill, MA), 11 ml of 5 M sodium chloride (Ambion, Austin, TX), and 11 ml of 3 M sodium acetate, pH 5.5 (Ambion, Austin, TX), were added. Carrier nucleic acid [2.2 ml from a 2-mg/ml stock solution of poly(A) (Sigma, St. Louis, MO)] was added to a final concen tration of 20 �g/ml.
To extract nucleic acids from membrane filters, the filters were cut aseptically, using a scalpel, into four one-quarter sections. One of these one-quarter sections was inserted into a 2-ml screw-cap polypropylene tube (National Scientific Sup ply) containing 100 mg of 106-�m glass beads, 100 mg of 425-to 600-�m glass beads, and 500 �l of diluent buffer (Dulbecco's PBS with 0.01% Tween 80 and 0.001% antifoam A). The tube was shaken for 3 min at a high-speed setting in a bead beater (Biospec, Bartlesville, OK). After the bead-beating step, the sample was centrifuged for 30 s at 14,000 � g, and the supernatant was transferred to a 1.6-ml microcentrifuge tube containing 500 �l lysis buffer. vortexed with the lysis buffer for 30 s and then passed through a silica spin column (QIAGEN, Valencia, CA) by centrifugation at 14,000 � g for 30 s. The column was loaded twice to process the entire sample volume (�1 ml, including 500 �l lysis buffer and 500 �l sample). The column was washed once with 500 �l of 100% ethanol (and centrifuged at 14,000 � g for 1 min) and twice with 75% ethanol (and spun at 14,000 � g for 1 min). The column was centrifuged again to remove any excess ethanol. The column was then transferred to a clean microcentrifuge tube, and nucleic acid was eluted by adding 200 �l TE buffer and centrifuging the column for 1 min at 14,000 � g. Further purification of the eluted nucleic acid sample was performed using a Microcon YM-100 (Amicon Inc., Beverly, MA) microconcentrator by adding the sample (200 �l) to the Microcon YM-100 reservoir containing 200 �l TE buffer. The mixture (400 �l) was filtered by centrifugation at 14,000 � g for 1 min. The filter was then inverted and inserted into a clean microcentrifuge tube to recover the nucleic acid by centrifugation at 4,500 � g for 30 s. Approximately 160 �l DNA was collected (samples with less volume were adjusted to a 160-�l final volume with TE buffer).
To extract nucleic acids from Centricon concentrates (for MS2 analysis), 1 ml of lysis buffer was amended with 5 �l of 10% sodium dodecyl sulfate. This amended lysis buffer was added to 500-�l Centricon concentrate samples at a ratio of 1:1. If less than 500 �l was available, nuclease-free water was added to the sample to increase the effective volume to 500 �l. The sample was vortexed with the lysis buffer for 30 s, centrifuged at 14,000 � g for 30 s, transferred to a silica spin column (QIAGEN, Valencia, CA), and processed as described previ ously for membrane filters.
Real-time PCR, RT-PCR, and inhibitor controls. Four Salmonella enterica serovar Typhimurium BioBalls (30 CFU each, for a total of 120 CFU) were seeded into each 120-ml UF concentrate that was filtered to evaluate the recov ery of C. perfringens spores and C. parvum oocysts by real-time PCR. The Salmonella seeding allowed for controlled evaluation of the effects of water quality on the extraction and PCR detection of vegetative bacteria in UF con centrates. The relative difference in Salmonella crossing-point (CP) values be tween sample collection sites was used as an indication that water quality was associated with PCR inhibition and/or poor nucleic acid extraction perfor mance. The effect of water quality on real-time RT-PCR was evaluated using HAV RNA as an external control. HAV RNA was extracted from a stock of HAV strain HM-175, clone 24A (8), using the lysis buffer and silica column described previously. For each Centricon concentrate tested, an aliquot of the Centricon nucleic acid extract sample was seeded with HAV RNA (at a concentration reflecting 10,000 PFU/reaction), as was an aliquot of molecu lar-grade water. The difference in the CP values for the seeded reagent-grade water sample and the Centricon sample was used as an indication of the magnitude of RT-PCR inhibition associated with a given tap water sample. This approach to inhibition evaluation has been used by other researchers (11) . A relative difference of 3.3 CP values was used as a minimum value for indicating PCR or RT-PCR inhibition, based on the ideal slope for a realtime PCR standard curve of 3.3 CP values per 10-fold difference in target amounts present in a reaction mix.
Amplification of DNA and RNA targets was performed using an iCycler iQ4 real-time PCR detection system (Bio-Rad, Hercules, CA). Five different assays (for C. perfringens, Cryptosporidium, Salmonella, MS2, and HAV) were per formed in a 96-well plate format. Table 1 provides sequence data for primers and TaqMan probes used for the assays. HAV RT-PCR was performed according to the method of Jothikumar et al. (13) . For each assay, a TaqMan probe was used at a final concentration of 100 nM, and the primers were used at a final concen tration of 250 nM (each). Real-time PCR amplifications were performed under the following conditions: reverse transcriptase reaction for 30 min at 50°C, followed by denaturation at 95°C for 15 min, followed by 45 cycles of denatur ation at 94°C for 10 s, annealing at 55°C for 30 s, and extension at 72°C for 20 s. . Each water sample was tested once using these molecular assays. Aside from C. perfringens testing of samples from sites 1 to 4, molecular testing of nonseeded water samples was not performed.
Data analysis and statistics. Recovery efficiencies were calculated by dividing the number of each microbe recovered after a procedure (concentration times sample volume) by the experimentally determined number of each microbe present in the sample prior to performing the procedure (concentration times sample volume) and then multiplying the result by 100. In general, data results have been averaged, with standard deviations indicated by a "�" symbol. Coef ficients of variation (COV) were calculated by dividing standard deviations by their respective data averages. For statistical tests using molecular data, a CP value of 43 was assumed for negative results because the highest observable CP value for a positive result was 42. Correlation tests were performed using the Pearson product moment correlation. Scientifically meaningful correlations were limited to those correlations with Pearson's r values of �0.6 or ��0.6, at a significance level of �0.05.
RESULTS

Water quality results.
A total of 26 100-liter samples were collected from eight U.S. cities located in the USGS hydrologic regions indicated in Table 2 . To protect the identities of the water systems and facilities providing water samples for this study, the identities of the cities are not reported in this paper. However, a wide range of water quality tests were performed in order to characterize the chemical and biological quality of the water samples used in the study. The average pHs of the tap water used in this study ranged from 7.28 at site 6 to 9.30 at site 1. The pHs of the UF concentrates were usually lower than the pHs of nonconcentrated tap water and ranged from 6.38 (site 6) to 7.47 (site 8). Turbidity of the nonconcentrated tap water also varied widely, with a low of 0.108 nephelometric turbidity ). TOC con centrations in tap water samples were also quite low and were found to be comprised primarily of DOC. TOC and DOC concentrations in UF concentrates were 40 to 96 mg/liter as C, levels that were 11 to 12 times higher than those in noncon centrated tap water (data not shown). UV absorbance mea surements were included in the study to enable calculations of specific UV absorbance (SUVA; ratio of UV absorbance at 254 nm [expressed per meter of path length] to DOC), a parameter suggested by previous researchers as being indica tive of humic acid content and the potential presence of PCR inhibitors (1). Several sites had average SUVA values above 4 (the suggested lower limit for indicating that measured DOC is comprised primarily of humic compounds), including site 2 (SUVA � 4.4), site 3 (SUVA � 7.6), and site 8 (SUVA � 5.2) (data not shown). HPC concentrations varied greatly, with average HPC concentrations ranging from 240 CFU/ml at site 2 to 385,000 CFU/ml at site 8. Microbial recovery. Measured microbial recovery efficien cies for the hollow-fiber UF procedure were 86% (�X174) to 100% and higher (MS2, E. faecalis, and C. perfringens spores) when recovery data for all eight cities were averaged together ( Table 3) . The cross-site UF recovery data were consistent for �X174, MS2, and C. parvum, with COV of 15, 18, and 11%, respectively. No study site was associated with UF recovery efficiencies that were significantly different from the average recovery efficiencies for all cities combined. In addition, water quality parameters were not generally observed to be associ ated with measured UF microbial recovery efficiencies. The only microbe for which statistically significant correlations were observed between water quality parameters and UF re covery efficiency was E. faecalis, with significant correlations observed for conductivity (r � �0.84; P � 0.0047), alkalinity (r � �0.81; P � 0.0082), TOC (r � �0.85; P � 0.0034), and log 10 -converted HPC (r � �0.67; P � 0.047).
Two Centricon Plus-70 units were used to process approxi mately 30% of each UF concentrate (i.e., �120 ml of �400-ml UF concentrates). Average �X174 recovery efficiencies ranged from 62% (site 6) to �100% (sites 1 and 5) ( Table 3) . Average MS2 recovery efficiencies ranged from 61% (site 6) to �100% (site 5). Although sites 5 and 6 did have very different water 1  2  97  110  100  ND  ND  ND  ND  ND  81  110  86  63  2  2  80  92  74  140  78  110  ND  ND  84  100  93  41  3  3  79  82  67  100  82  88  ND  ND  83  110  91  56  4  2  76  78  59  110  86  97  ND  ND  88  120  93  69  5  2  75  110  78  100  120  120  67  64  85  91  76  69  6  3  100  62  63  140  61  86  170  120  92  95  88  65  7  3  86  72  63  120  65  77  100  170  98  94  91  65  8  2  87  85  71  110  89  100  100  34  92  110  98  66   Cross-site avg  86  86  71  120  82  97  120  110  88  100  91  64  Cross-site SD  13  23  21  22  26  26  51  81  10 qualities (e.g., turbidity, conductivity, alkalinity, and TOC/ DOC), their respective values for these parameters were not substantially different enough from data from other sites to enable an association of these water quality parameters with observed differences in the microbial recovery performance of the Centricon procedure. IMS was performed for the separation of C. parvum oocysts and G. intestinalis cysts from the UF concentrate matrix. The IMS procedure was found to be more effective for recovering Cryptosporidium oocysts than Giardia cysts, but the procedure consistently achieved the same levels of performance for all the tap water samples tested (with the possible exception of site 2 for Giardia recovery) ( Table 3 ). The cross-site average for Cryptosporidium IMS was 100% � 12% (with a COV of 12%). The cross-site average for IMS recovery of the Giardia oocysts in the EasySeed control was 64% � 8.0% (with a COV of 12%).
Average total method recovery efficiencies (incorporating UF only [for bacteria], UF plus Centricon units [for viruses], and UF plus IMS-IFA [for C. parvum]) were �50% for all microbes at each study site, with the exception of C. perfringens spores in tap water from site 8 (34%). The average cross-site total method recovery efficiencies were 71% � 21% (�X174), 97% � 26% (MS2), 120% � 51% (E. faecalis), 110% � 81% (C. perfringens spores), and 91% � 8.8% (C. parvum oocysts). No water quality parameter was significantly associated with total method recovery efficiency when UF and a secondary concentration technique were incorporated.
Molecular analysis of UF-concentrated samples. A wide variation in real-time PCR and RT-PCR CP values was ob served for microbes seeded into 100-liter tap water samples (i.e., MS2, C. perfringens spores, and C. parvum) ( Table 4 ). The lowest CP values for MS2 were obtained with site 2 water samples (average CP value � 35.6); the highest CP values were obtained with site 5 and 7 water samples (for which one neg ative result was obtained for each site). C. perfringens spores were investigated as a water-seeding study parameter for sites 5 to 8; for these sites, average CP values ranged from 30.6 (site 8) to 36.1 (site 5). C. parvum oocysts were detected with aver age CP values of 25.0 (site 4) to 30.4 (site 5).
Data for the Salmonella extraction/inhibitor control indi cated that water samples from sites 2 and 5 were associated with the poorest molecular detection performance, likely due to PCR inhibition and/or reduced nucleic acid extraction effi ciency. However, no significant correlations were observed be tween Salmonella detection (i.e., CP values) and any of the water quality parameters studied. Tap water samples from sites 5 and 6 were associated with the greatest RT-PCR inhibition (�9 and �7 CP value differences, respectively) for the HAV inhibitor control compared to the CP value (28.0) obtained when this assay was performed using the same HAV RNA amount in molecular-grade water. Tap water samples from all sites, except site 7, exhibited some level of RT-PCR inhibition (defined as a delay in amplification detection of at least 3 CP values). As observed for the Salmonella control, no significant correlations were observed between HAV external control de tection (i.e., CP values) and any of the water quality parame ters studied. a †, one sample tested was negative; a CP value of 43 was assumed for data averaging and comparison.
b NEG, PCR tests for C. perfringens spores were negative for these tap water samples in which no C. perfringens spores were seeded.
c Both samples tested were negative; a CP value of 43 was assumed for data averaging and comparison.
DISCUSSION
UF is an emerging technique for accomplishing simulta neous recovery of viruses, bacteria, and parasites in relatively large-volume water samples (�100 liters). Research studies focused on developing hollow-fiber UF water sampling meth ods have shown that this technique can be effective for recov ering diverse waterborne microbes (12, (15) (16) (17) . These studies have shown that a number of procedures can be effective for minimizing attachment of microbes to UF membranes and for detachment of those microbes which do become adhered to UF membranes. Several of these procedures (calf serum block ing of UF membranes and NaPP amendment of water samples to minimize adsorption, elution of UF membranes with sur factants) have been incorporated into the UF method reported in the present study. This is the first report of a UF method that utilizes these three techniques. In addition, this is the first study of centrifugal UF (i.e., with Centricon Plus-70 microcon centrators) as a secondary concentration procedure for viruses in UF concentrates.
A total of 26 100-liter tap water samples, collected from eight U.S. cities representing six different hydrologic regions, surface water and groundwater sources, and chlorination and chloramination residual disinfection processes, were included in this study. As demonstrated by the water quality data sum marized in Table 2 , these tap water samples differed greatly in a number of important water quality parameters, including turbidity, SC, and organic carbon content. These water quality data represent a unique data set demonstrating the robustness of the UF procedure as well as providing insights into the water quality characteristics of UF concentrates. As anticipated, UFconcentrated tap water was found to contain higher concen trations of particulate and dissolved materials than did nonconcentrated tap water, as reflected by the calculated con centration factors for turbidity (median increase of 110�), total iron (100�), TOC (11�), DOC (12�), and UV absor In general, high seeding levels (i.e., higher than likely back ground microbial concentration levels) were used to compen sate for any low-level background presence of study microbes and to allow for direct determination of recovery efficiencies for the UF procedure (i.e., without incorporating secondary concentration techniques to enable microbial detection). The microbial recovery efficiency data in the present study show that the UF procedure can effectively concentrate and recover viruses, bacteria, and parasites. Microbial recovery efficiencies measured for the hollow-fiber UF procedure varied from a cross-site average of 86% � 13% for �X174 to one of �100% for MS2, E. faecalis, and C. perfringens spores. These results are similar to recovery efficiencies (80 to 90%) for these microbes reported by Hill et al. for a different UF procedure (no calf serum blocking, with microbe desorption accomplished using surfactant backflushing instead of elution) developed using 10-liter tap water samples (12) . In two early studies of hollowfiber UF, Bicknell et al. and Dziewulski and Belfort reported recovery efficiencies of 76 to �100% and 80 to 100%, respec tively, for poliovirus seeded into 100-liter tap water samples (5, 9) . While no recent research studies have reported microbial recovery data for hollow-fiber UF techniques applied to largevolume finished water or tap water samples, the data from the present study are similar to virus recovery data (70 to 80% recovery efficiencies) reported by Olszewski et al. for 100-liter groundwater samples (16) .
Recovery data of �120% reported for several microbes sug gest that microbial aggregation in seed stocks could have con tributed to these recovery efficiencies despite efforts to dis perse the microbial stocks by using dilution in a PBS diluent containing Tween 80 and vigorous vortexing. In particular, the highly variable C. perfringens data may have been associated with the use of the C. perfringens "BioBalls" to seed the water samples. The BioBalls were produced by freeze-drying, which could have increased spore aggregation, although the vendor's guidance was followed for hydrating and disaggregating the BioBalls. However, when the recovery efficiency data for the full suite of seed microbes are considered, they consistently indicate that the UF protocol, with and without the Centricon procedure and IMS procedure, achieved effective microbial recovery performances for a wide range of tap water samples. The recovery efficiencies for the Centricon procedure indicate that this technique can be effective for recovering viruses from tap water concentrates. However, the approach used in this study required two Centricon Plus-70 units, which were used to process approximately 30% of the hollow-fiber UF concentrate volume. To process a greater proportion of the UF concentrate volume using the Centricon technique, either additional Cen tricon units would be needed (which would increase the cost of the procedure) or the two Centricon units would need to be double loaded. This is the subject of additional work by our research group.
The other secondary sample processing technique evaluated in conjunction with hollow-fiber UF was IMS. Although pre vious research indicated that IMS efficiencies can be affected by water quality parameters such as pH (14) and iron content (24) , no specific water quality parameter was found to corre late with IMS efficiency data in this study. IMS was found to provide consistently high recovery performances for C. parvum (90 to 100%). These recovery efficiencies are similar to the IMS efficiencies (78 to 84%) reported by Fontaine and Guillot for IMS recovery of C. parvum oocysts seeded into 100-liter tap water samples, although these researchers used a different IMS kit than that used in the present study (10) . IMS performance data in the present study were not as good for the G. intestinalis EasySeed control as those for C. parvum, but G. intestinalis IMS recovery efficiencies were consistently in the range of 50 to 70% (with the exception of those for water from site 2). The EasySeed Giardia IMS results reported in the present study for recovery from 100-liter tap water concentrates were slightly lower than the 75% � 14% average recovery efficiency re ported by Warnecke et al. for EasySeed Giardia added to 10-liter finished-water concentrates (23) .
The real-time PCR and RT-PCR data indicate that the qual ity of 100-liter tap water samples can affect the performance of molecular methods for detecting waterborne microbes. How ever, statistical analysis of water quality data did not identify any water quality parameter that was significantly associated with inhibition of PCR or RT-PCR. Cryptosporidium detec tions at CP values of 25 to 27 suggest that the sampling and detection method described in this study can be effective for detection of lower Cryptosporidium levels than those used in this study. The C. perfringens PCR data demonstrate that this sampling and analytical protocol can be effective for consis tently detecting 10,000 CFU of C. perfringens spores in 100 liters of tap water. The Salmonella PCR data show that con sistent detection of 120 CFU of Salmonella was achieved when these bacteria were captured on a 47-mm membrane filter following UF.
A single bead beating-based nucleic acid extraction tech nique was used to extract and purify DNA and RNA from study microbes in liquid UF concentrates and from study mi crobes collected on membrane filters. The real-time PCR and RT-PCR data indicate that this nucleic acid extraction tech nique was effective, although RT-PCR inhibition (3 CP values and higher) was apparent for Centricon concentrates associ ated with seven of eight sites (based on HAV inhibitor control results), and PCR inhibition was consistently observed for samples associated with site 5. The volume concentration factor for the Centricon samples was �10,000� (100 liters to 2.1 ml), so it was not unexpected that RT-PCR inhibitors would be present in Centricon concentrates. However, these data do warrant additional research into improving the nu cleic acid extraction procedure to achieve higher-purity DNA and RNA.
This study has shown that a UF-based procedure can be highly effective for simultaneously concentrating viruses, bac teria, and parasites in 100-liter tap water samples. Additional research is needed to compare this technique with established methods for sampling water for human pathogenic viruses (such as the EPA's virus adsorption-elution technique [20] ) and parasites (EPA method 1623 [22] ). In addition, the results for the Centricon sample processing technique suggest that this technique could be investigated further as a method for VOL. 73, 2007 UF PROCEDURE FOR WATERBORNE MICROBE RECOVERY 4225 simultaneously concentrating viruses, bacteria, and parasites in UF concentrates, which, if effective, would simplify the second ary sample processing performed in conjunction with the hol low-fiber UF procedure.
